Total brain gray-matter and white-matter volumes can be indicators of overall brain health. Among the factors associated with gray-matter and white-matter volumes is exposure to air pollution. Using data from the UK Biobank, we sought to determine associations between several components of air pollution-PM 2.5 , PM 2.5-10 , PM 10 , nitrogen dioxide, and nitrogen oxides-and total gray-matter and total white-matter volumes in multivariable regression models in a large sample of adults. We found significant inverse associations between PM 2.5 concentration and total white-matter volume and between PM 2.5 , PM 2.5-10 , PM 10 , nitrogen dioxide, and nitrogen oxide concentrations and total gray-matter volume in models adjusted for age, sex, body-mass index, self-assessment of overall health, frequency of alcohol use, smoking status, educational attainment, and income. These findings of pollutant-associated decreases in total gray-matter and total white-matter volumes are in the context of mean PM 2.5 concentrations near the upper limit of the World Health Organization's recommendations. Similarly, mean PM 10 concentrations were below the recommended upper limit, and nitrogen dioxide concentration was slightly above. Still, there are many areas in the world with much higher concentrations of these pollutants, which could be associated with larger effects. If replicated, these findings suggest that air pollution could be a risk factor for neurodegeneration.
with altered cortical development [8] and brain structure [5] . In addition to possible associations between exposure to air pollution and reduced volume in specific brain regions, such as smaller hippocampal volume [9] , exposure to air pollution might also be associated with reduced overall gray-matter and white-matter volume. In this regard, exposure to air pollution has been associated with smaller white-matter volume in children and adult women [10] [11] [12] , with reduced gray-matter and white-matter volume in older adults [11] , and with reduced total cerebral volume in older adults [13] .
Total gray-matter and white-matter volumes appear related to cognitive function and cognitive decline. Although the effect sizes tend to be small, brain volume has also been linked directly to cognitive functioning [14] , and larger brain volumes are related to better cognitive functioning in both children and older adults [15, 16] , whereas smaller brain volumes have been associated with cognitive decline in older women [17] and with dementia incidence in a population-based study [18] . Accordingly, factors such as air pollution that might affect total gray-matter and white-matter volumes could be important in determining individual and public cognitive health.
Widespread exposure to air pollution in many regions of the world [7] , biologically plausible mechanisms by which air pollution could affect brain structure, emerging findings showing associations between exposure to air pollution and smaller gray-matter and white-matter volumes, and the potential role of brain volume in cognitive health indicate the need for additional characterization of the associations between exposure to air pollution and total gray-matter and white-matter volumes, while accounting for other variables associated with brain volume. To further examine the relationship between air pollution and total gray-matter and total white-matter volumes, and to explore the association between exposure to air pollution and brain volume in middle-aged and late middle-aged adults exposed to modest levels of air pollution, we examined the associations between an array of potential toxins found in air pollution-particulate matter <2.5 µm (PM 2.5 ), particulate matter 2.5-10 µm (PM 2.5-10 ), particulate matter <10 µm (PM 10 ), nitrogen dioxide (NO 2 ), and nitrogen oxides (NO x )-and total white-matter volume and total gray-matter volume using data from the UK Biobank Resource, a large, community-based sample of middle-aged and late-middle-aged women and men in the United Kingdom that includes a range of available variables to allow adjusted statistical models. Consistent with the findings of earlier research, we hypothesized that air pollution would be negatively associated with total gray-matter volume and with total white-matter volume. The UK Biobank sample is somewhat younger than the samples in many of the previous studies examining associations between exposure to air pollution and gray-matter and white-matter volumes, providing information about these associations across a wider age range. Because of previous findings showing associations between air pollution and gray-matter and white-matter volumes [10, 11] , we estimated separate models for gray-matter and white-matter volumes.
Materials and Methods

Study Sample
For our study sample, we used the UK Biobank, a dataset of approximately 500,000 UK adults sampled via population-based registries (http://www.ukbiobank.ac.uk). The UK Biobank received ethical approval from the National Research Ethics Service Committee North West-Haydock (reference 11/NW/0382). All participants provided informed consent and were aged from approximately 40 to 69 years of age at the time of enrollment (http://biobank.ctsu.ox.ac.uk/crystal/field.cgi?id=200). Participants were recruited from across the United Kingdom and initial enrollment was carried out from 2006 to 2010. Participants provided sociodemographic, cognitive, and medical data via questionnaires and physical assessments. Starting in 2014, a subset of the original sample later underwent magnetic-resonance brain imaging (MRI) (UK Biobank Brain Imaging Documentation, http://www.ukbiobank.ac.uk). The MRI data used in the current study were acquired between 2014 and 2019. There were 21,407 participants with processed MRI data at the time that we received regulatory approval from the UK Biobank, and these data were made available to us (UK Biobank Resource under Application Number 41,535). The analyses here include all participants with processed MRI data including total gray-matter and white-matter volumes who had no missing data concerning exposure to air pollution and the preidentified covariates (see below). Our final sample included 18,292 participants with an average age of 62 (range of 44-80). Table 1 shows additional demographics of the sample. 
Measures
Brain Volume
The UK Biobank used a standard Siemens Skyra 32-channel 3T scanner (Siemens Medical Solutions, Germany) for all magnetic-resonance brain imaging, with 1 × 1 × 1 resolution and a view field of 208 × 256 × 256. For our analyses, we used numerical volume data from the UK Biobank from preprocessed three-dimensional magnetization for rapid echo-gradient (3D MP-RAGE) T1-weighted image derived phenotypes. Full imaging information for the UK Biobank magnetic resonance imaging is available from UK Biobank Brain Imaging Documentation [19, 20] (http://biobank.ctsu.ox.ac.uk/crystal/label. cgi?id=100). We used structural numerical volume estimates from image-derived phenotypes from preprocessed total gray matter and total white matter normalized for head size from the UK Biobank image processing pipeline.
Air Pollution
The UK Biobank incorporated estimates of air-pollution exposure from the Small Area Health Statistics Unit (http://www.sahsu.org), which is associated with the BioShaRE-EU Environmental Determinants of Health Project (https://biobank.ndph.ox.ac.uk/showcase/label.cgi? id=115). The estimates we used represent address-level, mean concentrations of pollutants in 2010, derived from a land-use regression model from the European Study of Cohorts for Air Pollution Effects (http://www.escapeproject.eu/) and traffic data for 2008 using land-use regression modeling from Eurostreets (http://biobank.ctsu.ox.ac.uk/crystal/label.cgi?id=114). Additional information about the estimation of exposure to particulate matter and NO s and NO x is available elsewhere [21, 22] . In our analyses, we used estimates of PM 2.5 , PM 2.5-10 , and PM 10 and estimated concentrations of NO 2 and NO x ( Table 1 ).
Covariates
To adjust statistical models for potential confounding, we identified variables that could be associated with gray-matter and white-matter volumes based on their associations with cognitive function or possible associations with brain volume. Accordingly, we included age, sex, body-mass index, a respondent self-assessment of overall health, frequency of alcohol use, smoking status, educational attainment, and income [23] [24] [25] [26] as covariates in the statistical models.
Statistical Analyses
The independent variables of interest were PM 2.5 , PM 2,5-10 , PM 10 , NO 2 and NO x ; the dependent variables were total gray-matter volume and total white-matter volume, with separate models for total gray matter and for total white matter. Because of potential collinearity between the measures of air pollution, we estimated separate Ordinary Least Squares multivariable regression models for each measure of air pollution, each adjusting for the predetermined potentially confounding variables. We also estimated a series of interaction models for total gray and white matter with each measure of air pollution, that included an interaction of air pollution with age, educational status, sex, and overall health, respectively. For all analyses, we used Stata 15.2 (StataCorp, Stata Statistical Software, Release 15. College Station, TX, USA).
Results
Women comprised 52 percent of the sample and men 48 percent. The mean age was 62.15 years (standard deviation: 7.44; range: 44 to 80 years). The mean total gray-matter volume was 796,316 mm 3 (standard deviation: 47,940), and the mean total white-matter volume was 708,111 mm 3 (standard deviation: 40,696). The mean PM 2.5 concentration was 9.90 µg/m 3 (standard deviation: 1.01; range: 8.17 to 19.65) ( Table 1 ).
In the adjusted models (Table 2) , total gray-matter volume was inversely associated with PM 2.5 (b = −659, p < 0.05), PM 2.5-10 (b = −633, p < 0.05), PM 10 
and NO x (b = −42, p < 0.05). Total white matter was also inversely associated with PM 2.5 (b = −579, p < 0.05) but not with other pollutants (Table 2 ). There were no interactions between the air pollutants and age concerning total gray-matter or total white-matter volumes ( Table 3) . There was only one interaction between air pollution and sex concerning gray-matter volume, NO 2 (b = 161, p < 0.05), and none concerning white matter (Table 4 ). There were no interactions between the air pollutants and education concerning total gray-matter or total white-matter volumes (Table 5 ). Finally, there was one interaction between pollution and the overall health rating concerning white-matter volume PM 2.5-10 (b = 1044, p < 0.05) ( Table 6 ). 
Discussion
The primary findings from this study of 18,292 participants with a mean age of 62.15 years from the UK Biobank were the associations between PM 2.5, PM 2.5-10, PM 10, NO 2, and NO x concentrations and total gray-matter volume and the association between PM 2.5 and total white-matter volume, in models adjusted for age, ethnic background, sex, educational attainment, household income, an estimate of self-rated overall health, body-mass index, frequency of alcohol use, and smoking status. Although these effect sizes are small, they do suggest that these pollutants might contribute to loss of gray-matter volume and white-matter volume in community-dwelling adults. Because these effects occurred in models adjusted for age, they also suggest that this volume loss is independent of any age-related loss of brain volume. To place the size of these findings in context, prior work [27] has shown an approximately 0.5% per year decrease in brain volume related to aging starting around the age of 60 (the mean age in this study was 62). In our models, we found that for every one-unit increase in PM 2.5 , total gray-matter volume decreased by 659 mm 3 (Table 2) , which is a 0.08% decrease for every one-unit increase in PM 2.5 , or a 0.40% decrease for every five units. That is, a five-unit increase in PM 2.5 is approximately 80% of the yearly effect of aging on the brain in this age range.
These findings showing associations between air pollution and total gray-matter and total white-matter volumes are consistent with previous studies that found associations between exposure to air pollution and brain changes [1, 5, 11] . Specifically, a study of older women from the Women's Health Initiative Memory Study (WHIMS; age range 71 to 89 years; N = 1403) found that PM 2.5 was associated with reduced white-matter volume and total brain volume but not gray-matter volume [10] . However, in addition to the fact that this study focused on a different age range from our study and only included women, the authors separated participants in the WHIMS into quartiles of cumulative air pollution averages, concentrations that were somewhat higher than the concentrations in our study (highest quartile of PM 2.5 was 14 to 22 µg/m 3 and lowest quartile, 6 to11 µg/m 3 compared to the PM 2.5 mean concentration of 9.90 µg/m 3 in our study). Another study of older adult women (average age = 70; N = 1365), also using participants collected from the WHIMS, found regions of decreased white-matter and gray-matter volume associated with PM 2.5 [28] . Similarly, in a study of older female and male adults (median age = 68 years; N = 943) from the Framingham Offspring Study, there was an association between higher PM 2.5 (median level 11.1 µg/m 3 ) and lower total cerebral brain volume [13] . This study did not investigate total white-matter volume or total gray-matter volume. Finally, a study using participants from the Atherosclerosis Risk in Communities (ARIC) study (average age =76 years; N = 1753), which consisted of cohorts in four different US states, found lower volumes of subcortical gray matter structures were associated with higher PM 2.5 across groups but in no other brain volume measures. However, the study found an association between PM 2.5 and smaller regional brain volumes in one of the four sites [29] . While there are differences between these studies and ours in terms of age of the participants, air pollution exposure (including which pollutants were measured), sample size, covariates, country of origin (ours is from the United Kingdom, whereas the other studies had samples from the United States) and even volumetric methods, our findings are broadly consistent with these studies in that all show an association between exposure to air pollution and smaller brain volume. Further, our findings are from a sample slightly younger than the ones in the WHIMS and ARIC studies. Finally, our findings showing associations between exposure to air pollution and smaller gray-matter and white-matter volumes are also consistent with previous studies reporting associations between exposure to air pollution and smaller brain volume in children [30] .
The associations we found between several components of air pollution and brain volume were in a sample from the United Kingdom, where the mean PM 2.5 concentration of 9.90 µg/m 3 was near the upper acceptable limit recommended by the World Health Organization of 10 µg/m 3 [2] . Other regions of the world can have far higher PM 2.5 concentrations [7] . In the UK Biobank sample, the mean PM 10 concentration was below the recommended upper limit, and the nitrogen-dioxide concentration was below the upper acceptable limit [2]. Our findings, therefore, suggest that even comparatively low levels of exposure-concentrations slightly below and above the World Health Organization's recommended upper limit-to air pollution could be associated with reduced total gray-matter and total white-matter volumes, which (even though we found small amounts of volume loss) is concerning given the widespread distribution of air pollution [1] . However, the cognitive and neuropsychiatric significance of the amount of volume loss we found associated with exposure to air pollution at the levels used in our study is unknown. In a study also based on data from the UK Biobank, there was only a small association between exposure to air pollution and cognitive function [31] , although the association between the amounts of gray-matter and white-matter volume loss that we found and cognitive function, dementia risk, and neuropsychiatric function requires additional research, including in regions where concentrations of air pollutants are higher than in the UK Biobank sample.
In our interaction modes, we found only two significant interactions-the interaction between self-estimated overall health and PM 2.5-10 predicting total white-matter volume, and the interaction between sex and NO 2 concentration predicting total gray-matter volume. While these significant interactions could be due to chance, in that we ran multiple interaction models, they do provide some evidence that overall health and sex could moderate the effects of air pollution on white-matter and gray-matter volumes, although these possible associations require additional study. There were no interactions between any of the pollutants and age or educational attainment in predicting total gray-matter or total white-matter volumes.
Although we did not design our study to identify mechanisms underlying the associations we found between air pollution and total gray matter and white matter volumes, several biologically plausible mechanisms could account for these associations. Toxins in air pollution can damage the blood-brain barrier [1] , possibly enabling toxin entry into the brain, some of which could also enter the brain directly through the olfactory nerve. Additionally, brain amyloid might be higher in people who live in areas with high exposure to air pollution compared to people with lower levels of exposure [6] . Air pollution is also associated with inflammation and oxidative stress, factors that can adversely affect the brain [7] . Finally, air pollution such as particulate matter has also been associated with alterations in gene expression [32] . Thus, air pollution has been associated with multiple pathways that may adversely affect the central nervous system [33] .
While this study has several strengths, such as a large, community-based sample, objective independent and dependent variables, and adjustment for multiple potentially confounding variables, several limitations require consideration. Because we used air-pollution data from just one year, there is the potential for misclassification of exposure data in that some participants may have previously lived in areas with different levels of exposure to air pollution than where they lived when the exposure was measured. This could be particularly problematic in that outcomes such as total gray-matter and total white-matter volumes might reflect cumulative lifetime exposures. Related to this problem is our use of estimates of air pollution at residential addresses without considering the time participants spent away from home. We also did not include indoor-air pollution in our models, which could also affect exposure history. In short, our exposure variable likely captured only part of the total possible exposure to air pollution. There was also a gap between the estimate of the exposure to air pollution (2010) and the brain imaging (2014 to 2019), which could have affected the associations we found between air pollution and total white-matter and gray-matter volumes. An additional potential limitation is that not all participants in the UK Biobank study had available brain imaging data, resulting in the possibility of selection bias. The study's cross-sectional design precludes a determination of cause and effect, and we might not have included all the relevant covariates into our models, resulting in the possibility of residual confounding.
In conclusion, in this large sample from the UK Biobank with a mean age of 62.15 years, we found inverse associations between PM 2.5, PM 2.5-10, PM 10, NO 2, and NO x concentrations and total gray-matter volume, and between PM 2.5 concentration and total white-matter volume in adjusted models. In the context of the limitations associated with this study, the findings suggest that exposure to components of air pollution might be associated with decreases in total gray-matter and white-matter volumes at mean PM 2.5 concentrations near the upper limit of the World Health Organization's recommendations. If replicated, these findings suggest that air pollution could be a risk factor for neurodegeneration. Additional research is needed to determine the clinical ramifications of this on cognition, and the risk of dementia associated with the amounts of total gray-matter and total white-matter volume loss we found. 
